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We unambiguously demonstrate, based on high-energy x-ray diffraction data and LDA calcula-
tions, that sodium-density stripes are formed in Na0.75CoO2 at low temperatures and rule out the
previously proposed Na-ordering models. The LDA calculations prove, that the sodium-density
stripes lead to a sizeable dip in the density of the Co-states at the Fermi level, pointing to band
structure effects as a driving force for the stripe formation. This indicates that the sodium ordering
is connected to stripe-like charge correlations within the CoO2 layers, leading to an astonishing
similarity between the doped cuprates and the NaxCoO2 compounds.
PACS numbers: 71.30.+h, 61.10.Eq, 64.60.Cn, 71.27.+a
The many-body effects in correlated electron systems
based on square lattices often result in the development
of intrinsic charge inhomogeneities [1, 2, 3]. A partic-
ular prominent example is the so-called stripe ordered
phase in the cuprates, where the doped holes condense
into charge stripes within the physically relevant CuO2-
planes [2]. Up to date, this stripe order is discussed inten-
sively in relation the high-temperature superconductivity
and the anomalous metallic state of these materials.
Recently NaxCoO2, being a correlated electron sys-
tem based on a triangular lattice, has attracted consid-
erable attention, due to the discovery of superconduc-
tivity in water-intercalated compounds [4] as well as the
outstanding physics of the non-hydrated materials [5].
More specifically, for the non-hydrated NaxCoO2 ma-
terials with x > 0.5 an anomalous metallic state with
a thermopower ten times larger than that of a typical
metal, the coexistence of localized moments and electron
itinerancy as well as unusual charge and spin order phe-
nomena have been reported [6, 7, 8]. These extraordinary
electronic properties cannot be reconciled with any con-
ventional concept and remain to be a challenge for both
theory and experiment.
This raises the question whether the outstanding phys-
ical properties of NaxCoO2 with x ∼ 0.7 are also related
to the presence of charge inhomogeneities, which are
formed within the CoO2-planes in this case. To clarify
this question, in the first step of this study, we performed
a detailed characterization of structural modulations in
Na0.75CoO2 by means of high-energy x-ray diffraction.
As has been proven by numerous previous experiments,
HXS provides a highly sensitive probe for the extremely
weak structural modulations related to the formation of
charge inhomogeneities [9, 10, 11, 12]. At the used pho-
ton energies around 100keV, the x-ray penetration depth
is of the order of 1mm, which renders this technique in-
sensitive to surface effects and guarantees the detection
of bulk properties.
For the present experiment, which was conducted at
the beamline BW5 of the HASYLAB in Hamburg, the
photon energy was set to 99.79 keV (λ = 0.124 A˚) and
the longitudinal and transverse resolution at the (100)
position was set to 0.009 A˚−1 (FWHM) and 0.015 A˚−1
(FWHM), respectively. Further details about the exper-
imental setup can be found in the literature [13].
The high-quality Na0.75CoO2 single crystals used for
the x-ray diffraction studies were grown by the sodium
chloride flux methods as thoroughly described elsewhere
[14]. The mosaicity spread of the sample was deter-
mined to be about 0.24 ◦. Furthermore, the observed
room temperature lattice parameters aH = 2.83 A˚ and
cH = 10.84 A˚ of the Na0.75CoO2 sample under study
agree well with the values reported in the literature [15].
Since the c-axis depends strongly on x [5, 16], the resolu-
tion limited radial (Θ/2Θ-) scan through the (004) reflec-
tion at T=8K shown in Fig. 1 verifies a well-defined and
homogeneous sodium concentration in the probed sample
volume.
During a survey in reciprocal space at 8K, a number
of superstructure reflections were observed around the
(100) reflection in the (HK0)-zone, which are summa-
rized in Fig. 1. In this figure, the indicated reciprocal
lattice vectors b1,2 correspond to the direct lattice vec-
tors a1,2 that are parallel to the Na- and CoO2-layers
(cf. Fig. 4). Corresponding superstructures were also ob-
served around the (110) position. Radial scans through
the superstructure reflections at the commensurate (1.5,-
0.25,0) and (2,-0.5,0) positions taken at T=8K are shown
on the right hand side of Fig. 1. The observation of su-
perstructure reflections at equivalent positions together
with the fact that these reflections do not vanish upon a
rotation around the scattering vector, excludes multiple
scattering as a possible origin for the observed intensi-
ties. The intensity profile at the (1.5,-0.25,0) position
was fitted by a single Lorentzian squared function. The
FWHM determined by this fit together with the experi-
mental resolution determined at the (100) position yield
a correlation length of about 300 A˚ for the corresponding
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FIG. 1: (color online) Comparison between different radial
(Θ/2Θ-) scans taken at T=8K. The solid lines are fits to the
data (see text) and the bar below the superstructure peaks
represents the experimental resolution. The observed super-
structure peaks around (100) are summarized in the lower
left panel, where the hatched (light blue) rectangle indicates
the unit cell of the reciprocal lattice. Open, solid (blue) and
hatched (red) circles indicate Bragg reflections, superstruc-
ture peaks observed for all investigated temperatures, and
superstructure peaks only observable below TSO, respectively.
superstructure modulation.
In order to obtain information about the origin of the
observed superstructures, we performed temperature de-
pendent measurements at two representative positions in
reciprocal space: In Fig. 2, the temperature dependence
of the integrated intensity at the (1.5,-0.25,0) position
is displayed, showing that this reflection appears only
below TSO=350K. In addition to this, the intensity of
the (1.5,-0.25,0) reflection depends strongly on the cool-
ing process, as demonstrated by the two measurements
shown in Fig. 2. The first measurement was performed
with increasing temperature after the sample had been
cooled down slowly at 2K/min (open symbols). The
second measurement was also taken upon heating, but
this time the sample had been cooled down rapidly at
about 15K/min (closed symbols). The large differences
between the two measurements are evident. This is a
strong indication for an ordering phenomenon that is re-
lated to the ordering of sodium ions, where relatively slow
ion-hopping processes are involved. Upon rapid cooling,
the sodium order is frozen, i.e. it cannot develop com-
pletely, whereas it can be established to a higher extend
if the sample is cooled down slowly. Upon increasing the
temperature again, the thermally activated sodium ions
become more and more mobile, which allows to remove
defects in the sodium superlattice before the order finally
vanishes upon heating at TSO. The conclusion that the
superlattice modulation below TSO is not primarily re-
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FIG. 2: (color online) Temperature dependence of the inte-
grated intensity at the (1.5,-0.25,0) position. After cooling
down to low temperatures at different cooling rates, both
measurements have been performed at increasing tempera-
ture. The solid lines are guides to the eye.
lated to charge order within the CoO2 but to sodium or-
der is further supported by the metallic resistivity below
350K of NaxCoO2 compounds around x=0.75 [5].
As a second reflection, we have studied the (2,-0.5,0)
peak and its temperature dependence. The integrated
intensity of this reflection measured after rapid cooling
is shown in Fig. 3. The measurement after rapid cooling
shown in Fig. 2 and the data given in Fig. 3 have been
obtained during the same run, verifying a completely dif-
ferent temperature dependence of the two reflections. As
can be observed in Fig. 3, the (2,-0.5,0) reflection does not
disappear above 350 K, but is observed in the whole in-
vestigated temperature range instead. The slope change
of the (2,-0.5,0) intensity around 150 K roughly coin-
cides with the temperature regime where the (1.5,-0.25,0)
intensity starts to increase considerably. Furthermore,
the intensity at the (2,-0.5,0) reflection also varies across
the phase transition at 350 K, indicating that these two
superlattice modulations are coupled. Nonetheless, the
temperature dependent variation of the (2,-0.5,0) reflec-
tion is relatively weak, as illustrated in the inset of Fig. 3.
To conclude so far, the low temperature superstructure
is established in two steps: First, the doubling of the unit
cell signaled by the (2,-0.5,0) reflection occurs at temper-
atures well above 360K and then, the structural mod-
ulation related to the (1.5,-0.25,0) peak appears below
TSO=350K, which can clearly be attributed to sodium
order.
The temperature dependent measurements described
above agree well with a recent neutron powder diffrac-
tion study on Na0.75CoO2 [15], where a structural phase
transition has been observed in the very same tempera-
ture regime and has been discussed in terms of a sodium
rearrangement. However, in this study only a symmetry
change related to the Na-sites has been revealed, whereas
no enlargement of the unit cell has been reported.
Based on the experimental data for T=8K we can un-
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FIG. 3: (color online) Temperature dependence of the in-
tegrated intensity at the (2,-0.5,0) position (open symbols).
The measurement has been performed with increasing tem-
perature after rapid cooling. The solid line is just a guide to
the eye. A comparison of the relative intensity changes for
the (1.5,-0.25,0) (full symbols) and the (2,-0.5,0) reflection is
given in the inset.
ambiguously identify the unit cell of Na0.75CoO2 at low
temperatures: We start from the hexagonal layered lat-
tice structure belonging to the P63/mmc space group
[15]. In this setting, the CoO2-layers and the Na-planes
are parallel to the (a1, a2)-planes and alternate along the
perpendicular stacking direction c. The lattice symme-
try allows for two in-equivalent lattice sites within the
Na-planes, referred to as Na(1) and Na(2) in the follow-
ing, which together form a honeycomb lattice (cf. Fig. 4).
However, not all the sites of this lattice can be occupied,
because the Na(1)-Na(2) nearest neighbor distance is far
too short to allow a simultaneous occupation. If b1, b2
are the reciprocal lattice vectors of the P63/mmc lat-
tice, then the additionally found superstructure peaks
at low temperatures correspond to an orthogonal basis
b1/2− b2/4, b2/4 (cf. Fig. 1). Since we did not observe
any additional structural modulation along c, the HXS
data implies an orthorhombic unit cell of the direct lat-
tice, spanned by 2a1, 2a1 +4a2, and c (cf. Fig. 4 (a) and
(b)).
In the second step of this study, we performed LDA cal-
culations [17] based on the identified supercell using the
FPLO package version 5.20 [18]. The calculations were
performed non-spin-polarized and all calculations were
done for a fixed unit cell volume. To compare to previ-
ous calculations in the literature [19], we used aH = 2.82
and cH = 10.89, which slightly differ from the observed
values by about 0.5%. The aim of these calculations
was twofold: (i) To determine the lowest energy state in
agreement with the HXS data, since several sodium or-
dering patterns are possible within the observed supercell
as demonstrated by Fig. 4 (a) and (b). (ii) To determine
the effect of the sodium order on the electronic states of
the CoO2-planes.
The free parameter of the oxygenWyckoff position was
relaxed for each structure and resulted in the same oxy-
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FIG. 4: (color online) Models for the sodium superlattice in
Na0.75CoO2. Projections of superstructure unit cells on the
(a1,a2)-plane are shown. Small gray and white circles indi-
cate Na(1)- and Na(2)-sites, respectively. The occupied Na-
sites are indicated by big solid (red) circles. Structures (a)
and (b) are compatible with experimental diffraction peaks;
(a) with lowest LDA total energy. (c) is the superstructure
reported in the literature [19, 20], which is excluded by the
experimental diffraction pattern. The numbers m/n indicate
the number of first/second Na-Na neighbors and the corre-
sponding sodium-density variations are indicated by the gray
shadings.
gen position for all Na patterns considered. In order
to assess our calculations we recalculated the total en-
ergies of a number of structures considered in Ref. [19]
and obtained very good agreement in the structural en-
ergy differences. The LDA calculations yield the lowest
total energy for the structure given in Fig. 4 (a), which
amounts to Ea = 1662.091 mHartree per Na0.75CoO2
formula unit. The two structures shown in Fig. 4 (b)
and (c) correspond to higher total energies. We obtain
Eb − Ea = 1.3 mHartree and Ec − Ea = 1.7 mHartree,
respectively. With respect to the stacking in the third
direction, two possibilities were considered with an in-
version center at the Co site and midway between two
nearest neighbor Co sites, respectively. However, the cor-
responding energy differences are negligible. The differ-
ences between the structures (a), (b) and (c) can essen-
tially be understood by Coulomb energy arguments: (a)
and (c) comprise a charge density wave of comparable
amplitude, but with wave vector 2a1 + 4a2 in the case
(a), while (c) has the shorter wave vector 2a1. The struc-
ture (b) has also a charge density wave with wave vector
2a1+4a2, however with a considerably larger amplitude.
Note, that the model reproduced in Fig. 4 (c) corre-
sponds to the lowest energy state reported by Zhang et al.
based on electron diffraction (ED) data [19, 20]. Obvi-
ously, the supercell determined by ED disagrees with the
4presented HXS results. This discrepancy is most likely
related to the different sample volumes, which are probed
by the two techniques. HXS, being a bulk probe, is not
sensitive to the sample surface, while ED is surface sen-
sitive. This implies that the sodium ordering is strongly
effected by surface effects, which should be taken into
account for the interpretation of surface sensitive probes
like angular resolved photoemission.
The obtained ground state corresponds to the forma-
tion of sodium-density stripes within the Na-planes, as
indicated by the gray shading in Fig. 4 (a). The LDA
calculations prove, that this ordering produces a sizeable
dip in the density of the Co-states at the Fermi level,
pointing to band structure effects as a driving force for
the stripe formation. This is a very strong indication that
the ordering within the Na-planes is coupled to intrinsic
stripe-like charge correlations within the CoO2-planes.
Taking into account that the hydrated NaxCoO2
samples have been shown to be of the composition
Na0.337(H3O)zCoO2 ·yH2O, where the additionally inter-
calated H+-ions of the H3O
+ also occupy Na-sites [21], it
follows that the effective doping of the superconducting
materials corresponds to NaxCoO2 with x ≈ 0.7. This
leads to an astonishing analogy to the high-temperature
superconducting cuprates: In the case of the doped
cuprates, the cooperative octahedral tilts in the so-called
LTT-phase lead to a pinning potential for charge stripes
that can become static, if the tilt angle is large enough.
In the NaxCoO2 materials, the electric field that is caused
by the sodium-density stripes might induce a pinning po-
tential for charge stripes within the adjacent CoO2 layers
as well. The electric field in the CoO2 layers caused by
the sodium order depends on the distance between the
Na- and the CoO2 layers; i.e. it can be tuned by the
cH/aH-ratio. One may speculate, whether the cH/aH-
ratio in the NaxCoO2 system plays a similar role as the
tilt angle in the LTT phase of the doped cuprates. In
terms of this scenario, one would expect a tendency to de-
velop static stripe order for a small cH/aH-ratio (no wa-
ter intercalation), which become dynamic upon increas-
ing cH/aH by water intercalation. This would naturally
explain the appearance of superconductivity upon wa-
ter intercalation. However, this scenario has certainly to
be verified by further experiments which are capable to
detect directly charge order within the CoO2 layers.
In conclusion, combining experimental HXS data and
LDA model calculations we have unambiguously identi-
fied sodium-density stripe order in Na0.75CoO2, which
has a strong impact on the electronic states of the CoO2-
planes. The calculations point to band structure effects
as a driving force and indicate that intrinsic charge-stripe
correlations are present within the two-dimensional tri-
angular CoO2-layers.
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